We present a model of photosynthetic water oxidation that utilizes the property of higher-valent Mn ions in two different environments and the characteristic function of redox-active ligands to explain all known aspects of electron transfer from H20 to Z, the electron donor to P680, the photosystem H reaction center chlorophyll a. There are two major features of this model. (i) The four functional Mn atoms are divided into two groups of two Mn each: [Mn] complexes in a hydrophobic cavity in the intrinsic 34-kDa protein; and (Mn) complexes on the hydrophilic surface of the extrinsic 33-kDa protein. The oxidation of H20 is carried out by two [Mn] complexes, and the protons are transferred from a [Mn] complex to a (Mn) complex along the hydrogen bond between their respective ligand H20 molecules. (it) Each of the two [Mn] ions binds one redox-active ligand (RAL), such as a quinone (alternatively, an aromatic amino acid residue). Electron transfer occurs from the reduced RAL to the oxidized Z. When the experimental data concerning atomic structure of the water-oxidizing center (WOC), electron transfer between the WOC and Z, the electronic structure of the WOC, the proton-release pattern, and the effect of Cl-are compared with the predictions of the model, satisfactory qualitative and, in many instances, quantitative agreements are obtained. In particular, this model clarifies the origin of the observed absorption-difference spectra, which have the same pattern in all S-state transitions, and of the effect of Cl1-depletion on the S states.
complex to a (Mn) complex along the hydrogen bond between their respective ligand H20 molecules. (it) Each of the two [Mn] ions binds one redox-active ligand (RAL), such as a quinone (alternatively, an aromatic amino acid residue). Electron transfer occurs from the reduced RAL to the oxidized Z. When the experimental data concerning atomic structure of the water-oxidizing center (WOC), electron transfer between the WOC and Z, the electronic structure of the WOC, the proton-release pattern, and the effect of Cl-are compared with the predictions of the model, satisfactory qualitative and, in many instances, quantitative agreements are obtained. In particular, this model clarifies the origin of the observed absorption-difference spectra, which have the same pattern in all S-state transitions, and of the effect of Cl1-depletion on the S states.
Oxidation of water to molecular oxygen is carried out in plants through a four-step univalent redox sequence promoted by photo-induced oxidation of the photosystem II (PS11) reaction center P680 (for reviews, see refs. 1 and 2). An electron carrier Z, which exists between the water oxidation center (WOC) and P680, is suggested to be a bound plastoquinol PQH2 (3) ; Mn ions are included in the WOC and play an essential role in the H20 oxidation process (for review, see ref. 4); cooperation of several intrinsic and extrinsic polypeptides is required for the functioning of Mn (1) ; and chloride ions are also essential (5) . However, the mechanism of H20 oxidation is not understood in its details and further studies are required. Various models have been proposed (6) (7) (8) (9) (10) (11) (18, 19) .
Assumption 3: Electron Flow to Z+. The microscopic process of electron transfer from the WOC to Z+ is poorly understood. However, Z+ is probably PQH' (3, 20) . Also, a close interaction is known to exist between Mn and Z (21, 22) . Therefore, we have estimated the electron transfer path from Mn to Z+ based on these facts and the existing data about oxidation of Mn in Mn(II)-di-tert-butylcatechol mixture in perchlorate solution (18) . The (8) . In a Mn superoxide dismutase protein, one H20 molecule coordinates directly to the Mn(III) ion (23) . From the cleft size of -4 x 2.5 A (24) , only two H20 molecules would be bound at a time.
Assumptions 5 and 6: Environment of Hydrophilic Mn. Seibert and Cotton (25) have shown that loosely bound Mn atoms are located between the 33-kDa extrinsic protein and the PSII membrane, presumably at the site of the 34-kDa intrinsic polypeptide. Since the thylakoid lumen is an aqueous environment, assumption 5 seems quite reasonable except for the fact that the Mn ion is trivalent. Mn31 is a strong oxidant, unst~able in aqueous media; it is, however, stable in dilute perchlorate solution (26) . The unique property of Mn31 in its reaction with H20 is that the equilibrium constant in the reaction: Mn3+(H20) + H20 Z± Mn3+(OH)-+ H30+ is extremely large (-0.9, ref. 27). The role of Cl-as a stabilizer of Mn3+ is straightforward. [Mn] complex carries out the oxidation of H20 and the (Mn) complex assists the oxidation by pulling away H20 protons along the hydrogen bond and releasing them into the lumen. Such a proton transfer through a hydrogen bond is one of the common mechanisms for proton translocation in biological systems (28) . Therefore, assumption 7 is reasonable.
Mechanism of H20 Splitting
The microscopic mechanism of electron transfer and H20 splitting in photosynthesis is described by Kok's four-photon scheme of the redox cycle (So S1 S2 S3 -) S4 -_ SO, 
Mn(III)/Mn(IV) in catechol complexes (19, 32). An equilibrium exists between RAL-[Mn(IV)] and RAL+*[Mn(III)]-
that is, between S1A and S1B.
The Process for the Si --S2 Reaction. An electron is transferred from RAL of A-[Mn] in S1A to Z' after the absorption of a second photon by P680, and S2 is produced.
The electron transfer in the S, --S2 reaction may be slower than in the So --S, reaction, because the electron transfer to Z' cannot occur from RAL' in S1B. The electron distribution of the OH ligand in A-[Mn] becomes close to that of an OHradical.
The Process for the S2 -_ S3 Reaction. After the absorption of a third proton by P680, the electron donation to Z' must occur from RAL of B- [Mn] . The electron transfer in the reaction S2 --S3 would be slower than that in S1 --S2 because the distance to Z from B-[Mn] is longer than that from A-[Mn]; in addition, an excess positive charge exists in S2 over that in S1. The (35) showed that the overall stoichiometry of the reaction of Mn3+ is: 2Mn3+ + H202 a± 2Mn21 + 02 + 2H+. The overall rate-determining step in the above reaction is the electron transfer process from H202 to Mn3+ (35) .
S-* So. After the 2H+ are released, the two (Mn) complexes move out from the entrance of the cavity (see Fig.  1 ) and two H2O molecules enter into the cavity. Then the 02 molecules in the complex of Mn(III)-O2-Mn(III) is replaced exothermally by the two H2O molecules, since the binding energy of H2O with Mn(III) (36) is much larger than that of 02 (37) . Hydrogen bonds are formed between [Mn] and (Mn) complexes, and the WOC returns to So.
JUSTIFICATION OF THE MODEL
We analyze the present model by describing the various predicted properties for the water oxidation system and comparing them with the available observed data. Results are summarized in Table 1 .
Atomic Structure of WOC. The essential part of the WOC in the model is shown in Fig. 1 . We speculate that the two Mn atoms that are in closer physical proximity to Z (21) and the two Mn atoms that are essential in restoring electron donation to P680 (12) may correspond to our two [Mn] atoms. The 
(ii) Redox transition causing the variation in the charge of the WOC is the electron transfer from RAL to Z+: In So SI, the proton transfer is expected to be quicker than the intermolecular electron transfer from RAL to Z+, since there is no potential barrier along the proton transfer path. The situation in S2 -> S3 is almost the same as in So --S1. In S3 S4, the formation of H202 from 20H radicals should be faster than the intermolecular electron transfer (33) (Fig. 2) . The So --S1, S1-k S2, S2 -_ S3, and S3 -_ So transitions are all characterized by the same difference absorbance spectrum, with an amplitude change of +1, +1, +1, and -3, respectively (20 The present model favors the latter structure. Effect of Cl Ions. A major effect of Cl-depletion in the model is that protons transferred from the [Mn] to the (Mn) complex would not be released smoothly to the lumen because Cl-depletion changes (Mn(III)) into (Mn(II)) (26) , and the equilibrium constant for Mn(II)OH2 = Mn(II)OH-+ H+ in aqueous media is quite small compared with that for Mn(III) (51) . Since it is difficult for the (Mn) complex to accept a H+ from the [Mn] complex, the transitions So -) Si, S2 --S3, and S3 -+ S4 would be difficult in Cl1-depleted samples. However, the SI --S2 transition is not directly affected by Cl-depletion because this transition is not associated with the proton transfer. This is consistent with the observed results (49, 50) . CONCLUDING REMARKS Our model (Figs. 1 and 2) is consistent with all known aspects of electron transfer from H20 to Z (Table 1) . We have tentatively considered catechol as the RAL, in order to describe the model concretely. However, there is no evidence for catechol to be a component of PSII. (PQ) is a candidate for RAL, but the number of PQ molecules in PSII Proc. Natl. Acad. Sci. USA 82 (1985) might not be enough: at least five PQ molecules (2 RAL, 1Z, 1QA and 1QB), are required for our model, but the reported number is about 3.5 (13) . Another possible candidate is histidine or tyrosine: it may coordinate to the [Mn] ion (52) . A stable free radical of an aromatic amino acid has been reported to exist near the heme in cytochrome c peroxidase (53) . Thus, we propose that one of the aromatic amino acids may carry out the function of RAL.
